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The ruggedness o f an e l e c t r o n i c mechanism t h a t t r a n s f o r m s , c o n t
r o l s and c o o r d i n a t e s t h e e l e c t r i c power f o r t h e i n d i v i d u a l f u n c t i o n s o f an e l e c t r i c i o n p r o p u l s i o n engine i s r e l a t e d t o t h e s t r e s s e s imposed on i t s semiconductor s w i t c hi n g components.
Causes and n a t u r e o f t h e s e s t r e s s e s i n t r a n s i s t o r s and t h y r i s t o r s o p e r a t i n g w i t h i n c o n v e n t i o n a l and unorthodox systems a r e discussed.
A system i s d e s c r i b e d which a l l o w s t h e use o f h i g h l y s t r e s s t o l e r a n t s w i t c h i n g components and y e t minimizes t h e s e s t r e s s e s under s t a t i c and dynamic c o n d i t i o n s o f o p e r a t i o n .
Experimental r e s u l t s o f i n t e g r a t i o n o f a 95% e f f i c i e n t , s i n g l e module, 2 kW e l e ct r o n i c c o n v e r t e r w i t h a 20 cm i o n p r o p u l s i o n e n g i n e a r e presented.
I.
l n t roduct i o n The r e a c t i o n caused by t h e focused a c c e l e r a t i o n o f a l a r g e number o f e l e ct r i c a l l y charged small p a r t i c l e s , such as i o n i z e d gas molecules, m a n i f e s t s i t s e l f i n t h e form o f t h r u s t and f i n d s a p p l i c a t i o n t o space v e h i c l e p r o p u l s i o n . E l e c t r i c energy i s used f o r v a p o r i z a t i o n o f l i q u i d m e t a l s , f o l l o w e d by t h e i o n i z a t i o n , a c c e l e r a t i o n and e v e n t u a l d e i o n i z a t i o n o f t h e s e vapors. The advantage sought over chemical p r o p u l s i o n i s t h a t o f h i g h e r energy d e n s i t y o f t h e combined e l e c t r i c and i o n e n g i n e equipment when compared t o t h a t o f chemical p r o p e l l a n t s and t h e assoc i a t e d s t r u c t u r e s . T h i s expected advantage increases w i t h d u r a t i o n o f t h e t h r u s t a p p l i c a t i o n i f one d e r i v e s t h e r e q u i r e d e l e c t r i c energy f r o m t h e sun o r from
n u c l e a r -t h e r m a l sources. P h y s i c a l s i z e and w e i g h t o f t h e e l e c t r i c equipment a r e determined by t h e peak power l e v e l , r a t h e r t h a n t h e d u r a t i o n o f t h e m i s s i o n w i t h i n reasonable l i m i t s , such as s e v e r a l years.
The mass o f needed p r o p e l l a n t remains p r o p o r t i o n a l t o t h e d u r a t i c n and magnitude o f t h r u s t ; however, t h e mass o f p r op e l l a n t f o r e l e c t r i c p r o p u l s i o n i s moderate compared t o t h a t o f chemical p r o p e ll a n t s which i n c o r p o r a t e b o t h mass and t h e f u e l f o r p r o p u l s i o n .
A.
The Electromechanical Svstem
A v a i l a b i l i t y o f an adequate amount o f e l e c t r i c energy f o r a g i v e n m i s s i o n and o f a w o r k i n g i o n e n g i n e appear r e q u i s i t e t o t h e implementation o f such a p r op u l s i o n system.
The f l o w o f power from t h e source o f e l e c t r i c energy t o t h e e n g i n e i s governed by an e l e c t r o n i c c o n t r o l system. T h i s system implements c u rr e n t o r predetermined command f u n c t i o n s and channels e l e c t r i c power t o t h e i n d iv i d u a l i n t e r n a l f u n c t i o n s o f t h e i o n engine.
These i n c l u d e i t s metal v a p o r i z e r , t h e cathode h e a t e r , t h e magnet c o i 1 , and t h e e l e c t r i c beam, t o name some ( 1 , 2 ) .
The e l e c t r o n i c c o n t r o l system i n t e r a c t s w i t h every one o f t h e s i g n i f i c a n t components o f t h e i o n engine, p r o v i d i n g energy a t t i m e v a r y i n g r a t e s t o t h e s e components, and i n so doing, g o v e r n i n g t h e f u n c t i o n s o f t h e i n d i v i d u a l e n g i n e components and o f t h e e n g i n e as a whole. The e l e c t r o n i c power supply and c o n t r o l system i s i n t h i s sense an i n t e g r a l p a r t o f t h e e n g i n e and performs i t s g o v e r n i n g and c o o r d i n a t i n g f u n c t i o n s t h r o u g h i t s extraneous t o o l s , which a r e mechanical p a r t s o f t h e engine, A p a r t i t i o n o f t h e system i n t o mechanical and e l e c t r i c a l p o r t i o n s appears r a t h e r as an a r t i f i c i a l c u t a l o n g t h e d i s c i p l i n e s o f concerned personnel, t h a n t o r e f l e c t t h e c h a r a c t e r o f engine technology.
System Requirements -The m i s c o n c e p t i o n t h a t t h e s e engines need a "power s u p p l y ' ' r a t h e r t h a n a complex e l e c t r o n i c system which i s an i n t e g r a l p a r t of t h e e n g i n e t o supply, c o o r d i n a t e , and c o n t r o l t h e power f l o w t o i t s v a r i o u s f u n c t i o n s has c o n t r i b u t e d t o a r e t a r d a t i o n o f t h e development i n t h i s area o f technology. T h i s e l e c t r o n i c system p e r f o r m s t h e f u n c t i o n s t o :
1.
Supply power t o t h e i n d i v i d u a l e n g i n e components.
2.
C o o r d i n a t e t h e power f l o w t o any o f t h e components w i t h t h e i n s t a n t aneous s t a t e o f a l l o t h e r components f o r purposes o f implementing a g i v e n command o f t h e c o n t r o l system.
. P r o t e c t t h e e n g i n e s t r u c t u r e and t h e p r i m e source o f e l e c t r i c a l energy f r o m v i o l e n t t r a n s i e n t e l e c t r i c s t r e s s e s t h a t may be caused by engine
o p e r a t i o n c h a r a c t e r i s t i c s .
R e c o n c i l e t h e s t a t i c and t h e dynamic c h a r a c t e r i s t i c s o f e n g i n e operat i o n w i t h t h a t o f t h e source o f e l e c t r i c a l energy.
Concepts o f O p e r a t i o n -The f u n c t i o n a l p h i l o s o p h y and t h e implementary mechanisms o f t h e i o n p r o p u l s i o n e n g i n e a r e d e s c r i b e d i n t h e 1 i t e r a t u r e ( 1 , 2 ) , The e l e c t r o n i c power and c o n t r o l system s u p p l i e s c o n t i n u o u s e l e c t r i c power t o every one o f t h e e n g i n e ' s f u n c t i o n s when o p e r a t i n g i n t h e steady s t a t e mode. There a r e a p p r o x i m a t e l y t e n such f u n c t i o n s as i n d i c a t e d i n F i g u r e 1. A l l o f t h e s e c o u l d be s u p p l i e d w i t h dc power. The o p e r a t i n g v o l t a g e s a r e , i n some instances, chosen a t l e v e l s o f f i v e o r t e n v o l t s , such as f o r t h e beam f o c u s i n g magnet, c o i l , and f o r v a r i o u s h e a t e r f u n c t i o n s .
I n some cases, one has r e s o r t e d t o t h e a p p l i c a t i o n o f ac power f o r reasons o f economy o f energy, t o a v o i d t h e power l o s s o f r e c t i f i e r f i l t e r systems which become s i g n i f i c a n t f o r l o w -v o l t a g e a p p l i c a t i o n s .
Some o f t h e s e power supply channels f l o a t a t p o t e n t i a l s o f s e v e r a l k i l o v o l t s and a r e t h e cause o f s u b s t a n t i a l concern t o p r e v e n t v o l t a g e breakdown near a p p r e c i a b l e quant i t i e s o f i o n i z e d gases w i t h i n a v e r y low gas p r e s s u r e environment. D u r i n g t h e s t a r t i n g phase o f t h e engine, i t i s r e q u i r e d t h a t i t s i n d i v i d u a l f u n c t i o n s a r e i n i t i a t e d i n p r o p e r sequence and a c c o r d i n g t o predetermined modes. N e i t h e r sequence nor mode a r e , however, n e c e s s a r i l y i n v a r i a n t and r e q u i r e m o d i f ic a t i o n s a c c o r d i n g t o i n c i d e n t c o n d i t i o n s o f o p e r a t i o n . T h i s i s implemented by a s e l f -a l i g n i n g feedback system t h a t c o n t r o l s a l l channels o f power t r a n s f e r a t any t ime.
Normal o p e r a t i o n o f t h e engine i s f r e q u e n t l y i n t e r r u p t e d a t t i m e s when t h e s t e a d y -s t a t e f i e l d i n t h e plasma i s d i s t u r b e d by a r c i n g , m o s t l y due t o s p u t t e r i n g o f t h e p r o p e l l a n t .
Engine o p e r a t i o n i s t h e n u s u a l l y d i s c o n t i n u e d by removing t h e e l e c t r i c power t h a t s u s t a i n s t h e beam and i s subsequently resumed by r e a p p l i c at i o n o f power t o t h e v a r i o u s engine elements i n an a p p r o p r i a t e sequence o f events. T h i s p r o c e d u r e may o r may n o t c l e a r t h e p r e v i o u s l y e x i s t i n g f a u l t c o n d i t i o n s and c o u l d r e q u i r e c o n t i n u e d r e c y c l i n g o f e n g i n e o p e r a t i o n i n t h i s f a s h i o n u n t i l steadys t a t e c o n d i t i o n s can be r e e s t a b l i s h e d .
Some o f t h e power t r a n s f e r channels w i l l undergo s u b s t a n t i a l v a r i a t i o n s o f t h e i r t r a n s f e r c h a r a c t e r i s t i c s d u r i n g t h e s e phases o f t r a n s i t i o n .
The o u t p u t v o l t a g e o f t h e so c a l l e d "arc s u p p l y l ' v a r i e s o v e r a r a t i o o f 3 : l o r more, and observes s i m u l t a n e o u s l y v a r y i n g l i m i t s t h a t a r e imposed on t h e supply o f c u r r e n t . The v o l t -a m p e r e c h a r a c t e r i s t , i c o f t h i s channel o f power supply i s d e p i c t e d i n F i g u r e 2, which i l l u s t r a t e s some o f t h e imposed requirements, The i n d i c a t e d o u tp u t v o l t a g e and c u r r e n t v a r i a t i o n s a r e determined by t h e e l e c t r o n i c c o n t r o l sysr tems and a r e generated i n response t o i t s predetermined program, as m o d i f i e d by feedback s i g n a l s t h a t o r i g i n a t e f r o m o t h e r e n g i n e f u n c t i o n s .
The e l e c t r o n i c c o n t r o l mechanism i s a c c o r d i n g l y o f s u b s t a n t i a l c o m p l e x i t y , s i n c e i t i n t e r l i n k s t h e o t h e r w i s e u n c o o r d i n a t e d f u n c t i o n s o f a s o p h i s t i c a t e d engine.
T h i s apparent c o m p l e x i t y i s compounded by s e v e r a l c o n s t r a i n t s whose p u rpose i t i s t o secure t h a t :
1 . No p a r t o f t h e e n g i n e i s damaged by u n t i m e l y o r u n d u l y e n e r g i z i n g any g i v e n f u n c t ions.
2.
The source o f energy be p r o t e c t e d a g a i n s t v i o l e n t t r a n s i e n t power r eq u i r e m e n t caused by problems i n engine o p e r a t i o n .
3. The e l e c t r o n i c power and c o n t r o l system p r o t e c t s i t s own c r i t i c a l components a g a i n s t damage caused by v i o l e n t t r a n s i e n t s , 4 . The e l e c t r o n i c power and c o n t r o l system o p e r a t e w i t h i n t h e c o n s t r a i n t s o f maximum e f f i c i e n c y and r e l i a b i l i t y , minimum p h y s i c a l w e i g h t and s i z e and t o l e r a n c e o f a h o s t i l e environment.
The p r e c e d i n g c o n s i d e r a t ions a r e c l o s e l y interdependent.
Re1 i a b i l i t y o f t h e e l e c t r o n i c system as a whole and minimum p h y s i c a l w e i g h t and s i z e a r e d i am e t r i c a l l y opposed requirements. System weight and s i z e a r e i n v e r s e l y p r o p o rt i o n a l t o t h e i n t e r n a l frequency o f e l e c t r o n i c c o n v e r t e r o p e r a t i o n , y e t t h e l i f e expectancy o f c r i t i c a l components o f t h e system such as semiconductor s w i t c h i n g elements decreases w i t h an i n c r e a s e o f t h i s frequency.
The n e c e s s i t y t o accommodate w i d e v a r i a t i o n s o f t h e v o l t a g e o f an e x o t i c source o f e l e c t r i c energy and o f t h e power demand o f c e r t a i n e n g i n e f u n c t i o n s imposes s u b s t a n t i a l p e n a l t i e s on power e l e c t r o n i c apparatus i n t h e f o r m o f added power c a p a c i t i e s t o s a t i s f y tempora r y requ i rements.
The speed o f dynamic response o f t h e e l e c t r o n i c system increases w i t h i t s frequency, s i n c e t h e energy s t o r a g e elements i n i t s c i r c u i t s decrease i n s i z e a c c o r d i n g l y , T h i s , however, reduces t h e s i z e o f cushions t h a t p r o t e c t t h e v u l n e r a b l e s w i t c h i n g elements o f t h e e l e c t r o n i c systems from t h e impact o f sudden e l e c t r i c s t r e s s e s t h a t a r i s e c o n c u r r e n t w i t h v i o l e n t t r a n s i e n t s i n engine operat i o n , d u r i n g and a f t e r a r c i n g . The c o n f l i c t between p h y s i c a l b u l k and r e l i a b i l i t y o f power e l e c t r o n i cs equ i pment i s f u r t h e r compounded by a component problem o f l o n g s t a n d i n g which a r i s e s w i t h t h e use o f power t r a n s i s t o r s i n c i r c u i t s t h a t c o n t a i n i n d u c t i v e s t o r a g e elements.
The power t r a n s i s t o r has e v o l v e d from gradual development o f t h e s m a l l e r t r a n s i s t o r s used i n s i g n a l l e v e l e l e c t r o n i c c i r c u i t s .
I t s j u n c t i o n s a r e r e l at i v e l y l a r g e t o accommodate c u r r e n t f l o w a t power l e v e l s and i t s geometries have been t a y l o r e d t o w i t h s t a n d t h e v o l t a g e s encountered i n c u r r e n t s p a c e c r a f t e l ect r i c systems.
The requirements f o r adequate c o l l e c t o r c u r r e n t c a r r y i n g and v o l tage h o l d -o f f c a p a b i l i t y r e f l e c t t h e need f o r h i g h power h a n d l i n g c a p a c i t y .
However, b o t h o f t h e s e requirements a f f e c t t h e h i g h frequency o r s w i t c h i n g c h a r a c t e ri s t i c s o f t h e d e v i c e u n f a v o r a b l y . T h i s t y p e o f d e v i c e i s known t o be s l u g g i s h d u r i n g t h e t r a n s i t i o n f r o m t h e c o n d u c t i n g t o t h e nonconducting s t a t e and v i c e versa.
A
p p r e c i a b l e amounts o f energy a r e b e i n g d i s s i p a t e d i n t h e devices d u r i n g t h e s e t r a n s i t i o n s . T h i s d i s s i p a t i o n was d i s p l a y e d as a f u n c t i o n o f t i m e on t h e screen o f an o s c i l l o s c o p e , u s i n g a w a t t m e t e r w i t h a bandwidth o f 10 MHz f o r t h a t purpose ( 3 ) , A photograph o f t h e t r a c e i s shown i n F i g u r e 3 , The power d i ss i p a t e d i n t h e d e v i c e d u r i n g s e t t l e d c u r r e n t f l o w appears as a f l a t s a d d l e -l i k e shape i n t h e c e n t r a l p o r t i o n o f t h e curve. The "peaks" l o c a t e d a t . b o t h ends o f t h a t f l a t p o r t i o n correspond t o t h e instantaneous v o l t -a m p e r e p r o d u c t d u r i n g t h e c l o s i n g and opening phases o f t h e s w i t c h i n g t r a n s i s t o r . A 10 HH inductance was added t o t h e r e s i s t i v e 10 ohm load t o s i m u l a t e t h e leakage inductance o f a t r a n sformer o r o t h e r d i s t r i b u t e d e f f e c t s i n o r d e r t o p r o v i d e r e a l i s t i c t e s t c o n d i t i o n s f o r t h i s o b s e r v a t ion, T h i s photograph i n d i c a t e s t h a t t h e instantaneous s t r e s s e s t h a t a r e imposed
on t h e d e v i c e a r e s u b s t a n t i a l l y l a r g e r t h a n t h e i r average. These a r e , however, t h e composite s t r e s s e s imposed on t h e d e v i c e as a whole, and do n o t
i n d i c a t e t h e l o c a l i z e d s t r e s s e s and t h e i r s p a t i a l d i s t r i b u t i o n t h r o u g h o u t t h e semiconductor j u n c t i o n and i t s p r o x i m i t y . The i n t e n s i t y o f t h e s e l o c a l i z e d s t r e s s e s i s n o t known.
The e n g i n e e r w i l l , t h e r e f o r e , d e r a t e t h e d e v i c e f o r some o f t h e f o l l o wrng reasons:
1. To a l l o w a s a f e t y margin f o r peak s t r e s s e s t h a t occur d u r i n g steadys t a t e o p e r a t i o n , 2.
To accommodate t h e increased s t r e s s e s t r a n s i e n t phases o f o p e r a t i o n such a s e n g i n e s t a r t -u p and i t s shutdown f o l l o w i n g a r c i n g .
Yet, d e r a t i n g reduces t h e power h a n d l i n g c a p a b i l i t y o f a s w i t c h i n g d e v i c e o f t e n t o 10% o r l e s s o f i t s maximum v o l t -a m p e r e p r o d u c t .
The o v e r r i d i n g reasons f o r t h i s e x t e n t o f d e r a t i n g a r e t h e needed r a t i o s o f t h e maximum i n s t a n t a n e o u s t o t h e average steady s t a t e v a l u e s o f v o l t a g e and c u r r e n t r e s p e c t i v e l y .
Because o f i t s s t r u c t u r e , can t h e t r a n s i s t o r t o l e r a t e o n l y a v e r y modest e x c u r s i o n beyond i t s maximum r a t e d c u r r e n t f o r any l e n g t h o f time.
One way t o i n c r e a s e t h e power c a p a c i t y o f s w i t c h i n g f u n c t i o n s i c t o o p e r a t e two o r more t r a n s i s t o r s i n p a r a l l e l .
B u t , u n l e s s t h e s e d e v i c e s match p e r f e c t l y and c o n t i n u e t o match over t h e r e q u i r e d range o f temperature, and t h r o u g h o u t t h e i r a g i n g process t h e s e a t t e m p t s may and do l e a d i n unequal l o a d s h a r i n g and r e s u l t , u l t i m a t e l y , i n t h e s e q u e n t i a l d e s t r u ct i o n o f t h e p a r a l l e l e d d e v i c e s .
F i n a l l y , one r e s o r t s t o o p e r a t i o n o f complete modules o f e l e c t r o n i c power c o n v e r t e r s i n p a r a l l e l and i n such a way t h a t load s h a r i n g i s accomplished, The p r i c e f o r t h i s approach i s a m u l t i p l i c a t i o n o f t h e c o m p l e x i t y o f t h e system i n c l u d i n g t h e need f o r a c o o r d i n a t i n g system f o r t h e s e modules.
Furthermore, t h e a c t u a l power hand1 i n g capabi 1 i t y o f a pa i r o f power t r a n s i s t o r s o p e r a t i n g i n one such module i s p r e s e n t l y l i m i t e d t o a p p r o x i m a t e l y 300 w a t t s . P r o p u l s i o n systems r e q u i r i n g 10 kW a r e p r e s e n t l y under development and s u b s t a n t i a l l y l a r g e r systems a r e e n v i s i o n e d f o r t h e f u t u r e ,
I t c o u l d appear t h a t t h e r e l i a b i l i t y o f a s p e c i f i c channel O F an
The v u l n e r a b i l i t y o f an e l e c t r o n i c s w i t c h i n g element i n t h e f o r m o f a power t r a n s i s t o r was p r e d i c a t e d p r i m a r i l y on t h e e f f e c t s o f two assumptions:
1.
The s w i t c h i n g element i s b e i n g used t o f o r c i b l y i n t e r r u p t e s t a b l i s h e d c u r r e n t s i n c i r c u i t s which i n c l u d e leakage o r d i s t r i b u t e d inductances, and has, t h e r e f o r e , t o t o l e r a t e t h e a s s o c i a t e d c y c l i c a l l y r e c u r r i n g a d v e r s e t r a n s i e n t e f f e c t s .
2,
The c o u p l i n g o f t h e s e c i r c u i t s t o t h e a d j a c e n t -g e n e r a t o r and i o n e n g i n e -systems i s such t h a t any v a r i a t i o n i n t h e b e h a v i o r o f t h e s e systems w i l l p r o p o r t i o n a l l y a f f e c t t h e s t r e s s e d imposed on t h e s w i t c hi n g component, These e f f e c t s a r e compounded by:
3. The i n a b i l i t y o f t h e t r a n s i s t o r t o t o l e r a t e more t h a n v e r y moderate
t h e s w i t c h i n g elements based on t e s t d a t a a c q u i r e d under analogous c o n d i t i o n s o f o p e r a t i o n .
An e l e c t r o n i c f u n c t i o n a l mechanism which s a t i s f i e s t h e s e requirements i s p r e s e n t e d i n t h e f o l l o w i n g .
B. F u n c t i o n a l Philosophv
The s e r i e s c o n v e r t e r i s a system t h a t uses s e r i e s resonant LC c i r c u i t s f o r t h e t r a n s f o r m a t i o n and t r a n s f e r o f e l e c t r i c power f r o m t h e source o f e l e c t r i c energy t o t h e l o a d (4, 5 ) .
I n so doing, i t performs t h e f u n c t i o n s o f v o l t a g e s c a l i n g and s t a b i l i z a t i o n (6, 7 ) , w i t h i n one s i n g l e process, The s y m b o l i c c i rc u i t diagram o f such a c o n v e r t e r i s shown i n F i g u r e 4. Switch CRll c l o s e s a t a t i m e when c a p a c i t o r C 1 1 i s discharged. As a r e s u l t , a c u r r e n t w i l l f l o w from source es t h r o u g h s w i t c h CR11, i n d u c t o r L1, t r a n s f o r m e r X and c a p a c i t o r s Cll and C12. T h i s c i r c u i t i s d e v i s e d t o be h i g h l y underdamped, s i n c e t r a n s f o r m e r X r e f l e c t s c a p a c i t o r Co s h u n t i n g i t s secondary w i n d i n g , i n t o t h e p r i m a r y c i r c u i t .
The ensuing c u r r e n t il, shown i n F i g u r e 5 
, assumes a c c o r d i n g l y a s i n u s o i d a l waveform u n t i l i t tends t o r e v e r s e i t s d i r e c t i o n . At t h a t time, t h e t h y r i s t o r C R l l opens by i t s e l f , f o l l o w i n g i t s i n t r i n s i c b e h a v i o r a l c h a r a c t e r . The p r i m a r y c i rc u i t comes a c c o r d i n g l y t o r e s t and remains i n e r t f o r a t i m e i n t e r v a l Td t o p e rm i t t h y r i s t o r CRll t o r e c o v e r t o a f o r w a r d v o l t a g e b l o c k i n g s t a t e . S w i t c h CR12 i s e n e r g i z e d n e x t and a n o t h e r h a l f s i n u s o i d o f c u r r e n t f l o w s t h r o u g h t r a n s f o r m e r X i n t h e r e v e r s e d i r e c t i o n , a g a i n f o l l o w e d by an i n t e r v a l Td w h i c h completes one work c y c l e o f t h e c o n v e r t e r .
These c u r r e n t s charge t h e o u t p u t f i l t e r c a p a c i t o r Co r e c u r r e n t l y such t h a t i t m a i n t a i n s a d e s i r e d average v o l t a g e l e v e l Vo.
T h i s l e v e l i s , o f course, p e rt u r b e d by a " r i p p l e " w i t h i n p r e s c r i b e d l i m i t s o f t o l e r a n c e . The r a t e o f charge o f t h i s c a p a c i t o r i s determined by (1 ) t h e preprogrammed o u t p u t v o l t a g e Vo and (2) by t h e c u r r e n t demand o f t h e load, The frequency o f o p e r a t i o n o f t h i s system ranges a c c o r d i n g l y f r o m z e r o a t no l o a d t o a maximum which i s l i m i t e d by m a i n t a i ni n g an e f f i c i e n t r a t i o between t h e rms v a l u e irms and t h e average v a l u e iav o f
t h e c u r r e n t . 
P h i s r a t i o increases w i t h i n c r e a s i n g r a t i o Pd/Tk and t h e ohmic losses i n t h e l i n e a r elements o f t h e c i r c u i t i n c r e a s e w i t h t h e square o f (3, 81, The t h y r i s t o r r e c o v e r y t i m e i n t e r v a l Td and t h e system e f f i c i e n c y requirements t h u s l i m i t t h e maximum frequency o f opera t ion.

It i s emphasized t h a t t h e maximum i n t e r n a l frequency o f o p e r a t i o n i s n o t l i m i t e d by d e s t r u c t i v e heat generated i n s w i t c h i n g d e v i c e s as discussed b e f o r e , b u t by c o n s i d e r a t ions o f o v e r a l l systems e f f i c i e n c y f o r a g i v e n t h y r i s t o r r ecovery t i m e Td. C u r r e n t l y a v a i l a b l e d e v i c e s w i t h o t h e r w i s e q u a l i f y i n g charact e r i s t i c s r e q u i r e recovery t i m e i n t e r v a l s o f a p p r o x i m a t e l y 10
. The t h u s i n d i c a t e d e f f e c t on t h e e f f i c i e n c y p o i n t s t o t h e need t o reduce t h e recovery t i m e Td f o r purpose o f i n -
c r e a s i n g t h e i n t e r n a l frequency beyond 10 kHz.
E f f e c t s o f Forced vs. N a t u r a l C u r r e n t Flow T e r m i n a t i o n The photograph o f a t r a c e on t h e o s c i l l o s c o p e , i n d i c a t i n g t h e power d i s s i p at i o n i n a t h y r i s t o r as a f u n c t i o n o f t i m e i s presented i n F i g u r e 7. T h i s t h y r i s t o r o p e r a t e s w i t h i n a s e r i e s resonant c i r c u i t o f t h e p r e v i o u s l y d e s c r i b e d t y p e .
A comparison o f t h i s d i s s i p a t i o n c u r v e w i t h t h a t o f a s w i t c h i n g power t r a n s i s t o r shown i n F i g u r e 3 r e v e a l s t h e almost complete absence o f t h e power d i s s i p a t i o n peaks observed i n t h e t r a n s i s t o r d i s s i p a t i o n curve. i f t h e t r a n s i s t o r d i s s i p a t i o n c u r v e were i d e a l -w i t h o u t t h e peaks -t h e n t h e frequency o f o p e r a t i o n c o u l d be
increased i n d e f i n i t e l y , y e t t h e average power d i s s i p a t i o n would remain c o n s t a n t f o r an i n v a r i a n t average c u r r e n t and a f i x e d o n -o f f s w i t c h i n g r a t i o .
However, t h e peaks add a f i x e d amount o f energy d i s s i p a t i o n p e r c y c l e t o t h e former i nt r i n s i c d i s s i p a t i o n component, and t h i s a d d i t i o n p e r c y c l e i s independent o f t h e frequency o f o p e r a t i o n f o r a g i v e n c i r c u i t . The p r o d u c t o f energy as c o n t a i n e d under each peak and t h e number o f e v e n t s p e r second, c o n s t i t u t e s a d i s s i p a t i o n component t h a t i s p r o p o r t i o n a l t o t h e t r a n s i s t o r s w i t c h i n g frequency o f o p e r a t i o n . P h i s c h a r a c t e r i s t i c b e h a v i o r o f s w i t c h i n g processes was p r e d i c t e d e a r l i e r (9) and
was r e c e n t l y v e r i f i e d (3), The r e s u l t s o f recorded average power d i s s i p a t i o n i n power t r a n s i s t o r s a r e p r e s e n t e d i n F i g d r e 8.
The graph i n d i c a t e s t h e power d i ss i p a t i o n near z e r o frequency f o r v a r i o u s c u r r e n t l e v e l s , by i n t e r c e p t o f t h e s t r a i g h t l i n e "curves" w i t h t h e o r d i n a t e , The l i n e a r i n c r e a s e o f power d i s s i p at i o n w i t h frequency i s v e r i f i e d by t h e s t r a i g h t l i n e c h a r a c t e r o f t h e graph.
Conversely, t h e average power d i s s i p a t i o n c u r v e o f t h e t h y r i s t o r o p e r a t i n g i n t h e d i s c u s s e d s e r i e s resonant c i r c u i t s shows o n l y a v e r y moderate i n c r e a s e w i t h h i g h e r f r e q u e n c i e s o f o p e r a t i o n .
The s l o p e o f t h e t h y r i s t o r c u r v e f o r 7.7 A peak c u r r e n t i s a p p r o x i m a t e l y 1/40 o f t h a t o f t h e t r a n s i s t o r c u r v e f o r t h e same c u r r e n t .
The t h y r i s t o r average d i s s i p a t i o n c u r v e i n d i c a t e d by a d o t t e d l i n e i n
F i g u r e 8 s t a r t s w i t h a h i g h e r "zero" frequency v a l u e t h a n i t s t r a n s i s t o r c o u n t e rp a r t , b u t soon crosses t h i s l i n e . These d a t a i l l u s t r a t e t h e i m p r a c t i c a l i t y o f a p p l i c a t i o n o f f o r c e d c u r r e n t t u r n -o f f processes f o r h i g h frequency power convert e r s ; t h e y a l s o i n d i c a t e t h e promise o f e f f i c i e n t o p e r a t i o n c f s e r i e s c o n v e r t e r s a t h i g h e r f r e q u e n c i e s , The f e a s i b i l i t y o f a f u n c t i o n a l mechanism w i t h s w i t c h i n g elements t h a t c l o s e and open i n t h e presence o f i n s i g n i f i c a n t c u r r e n t f l o w , a s i n d i c a t e d under l a b e f o r e , has t h u s been demonstrated.
A h i
g h l y underdamped LC c i r c u i t , as discussed w i t h r e f e r e n c e t o F i g u r e 4, would n e c e s s a r i l y cause s u b s t a n t i a l e x c u r s i o n s o f t h e c a p a c i t o r v o l t a g e v c l a t t h e j u n c t i o n o f c a p a c i t o r s C 1 1 and C12 (6). The amp1 i t u d e v c l ( t k ) o f t h e s e v o l t a g e v a r i a t i o n s e v e n t u a l l y reaches t h e v a l u e where Q = t h e "qua1 i t y " o f t h e resonant c i r c u i t i n t h e c o n v e n t i o n a l sense es = source v o l t a g e v2 = p r i m a r y t r a n s f o r m e r v o l t a g e as r e f l e c t i n g t h e o u t p u t f i l t e r v o l t a g e o f c a p a c i t o r Co,
Any d i s t u r b a n c e o f t h e p r e c a r i o u s balance between t h e d i f f e r e n c e o f es and v2 -which a r e o f a p p r e c i a b l e magnitude -would r e s u l t i n e x c u r s i o n s o f v 1 t h a t w i l l impose unacceptable s t r e s s e s on t h e c o n v e r t e r c i r c u i t components. f h i s i s a v o i d e d by removing energy f r o m i n d u c t o r L1 a t a t i m e when v c l reaches i t s intended maximum value.
As a consequence, t h e f l o w o f energy i n t o c a p a c i t o r s Cll and C 1 2 i s immediately a r r e s t e d and t h e v o l t a g e e x c u r s i o n v c l ( t k ) i s c o n f i n e d a c c o r d i n g l y .
The v o l t a g e wave shape o f v c l t h a t ensues under t h e s e c o n d i t i o n s i s i l l u s t r a t e d i n F i g u r e 9(a),
One way t o a c h i e v e t h e i n d i c a t e d t r a n s f e r o f energy f r o m i n d u c t o r L1 t o t h e l o a d i s i l l u s t r a t e d i n t h e c i r c u i t diagram shown i n F i g u r e 10. I n d u c t o r L1 i s s p l i t i n t o two h a l v e s Lll and L12 and each o f t h e s e i s p r o v i d e d w i t h a secondary w i n d i n g W2] and WL22 r e s p e c t i v e l y . Secondary s w i t c h e s S2] and S22 i n i t i a t e cond u c t i o n whenever t h e v o l t a g e o f t h e a s s o c i a t e d secondary i n d u c t o r w i n d i n g s i ncreases beyond t h e o u t p u t v o l t a g e Vo. T h i s removes t h e energy f r o m i n d u c t o r s
Lll and a c h i e v e s t h e intended purpose i n a r r e s t i n g f u r t h e r i n c r e a s e o f c a p a c i t o r v o l t a g e v c l .
The i n s t a n t when s w i t c h e s S2] c l o s e can be v a r i e d , t h u s e s t a b l i s hi n g a means t o c o n t r o l t h e magnitude o f v c l ( t k ) . AS a m a t t e r o f f a c t , one can use t h e magnitude o f t h e s i g n a l v c l t o a c t on s w i t c h e s S
The v o l t a g e and c u r r e n t waveforms i n i n d u c t o r s Lll a r e shown i n F i g u r e s 9 ( a ) and ( b ) .
The vo1 t a g e d i f f e r e n t i a l A V L impressed on i n d u c t o r L1 remains c o n s t a n t f o r two source v o l t a g e s e s l 4 es2 and c o u l d under t h e s e c o n d i t i o n s t h u s be k e p t c o n s t a n t anywhere between t h e s e two 1 i m i t s ( 6 ) , It f o l l o w s t h a t t h e a m p l i t u d e la o f each h a l f s i n u s o i d o f t h e c u r r e n t waveform o f i l can be k e p t c o n s t a n t f o r any i n p u t v o l t a g e e w i t h i n d e s i g n l i m i t s . I t can be shown t h a t t h e r a t i o i r m S / i a v o f i 1 v a r i e s onqy moderately as l o n g as a ( e s l ) = I a ( e s 2 The r e s u l t i s , t h a t t h e e f f i c i e n c y o f o p e r a t i o n o f t h i s system i s independent o f v a r i a t i o n s o f t h e i n p u t v o l t a g e , T h i s i s a u n i q u e prope r t y f o r a s o l i d s t a t e power c o n v e r t e r , as a m a t t e r o f f a c t , f o r any e l e c t r i c app a r a t u s ,
A consequence o f t h i s p e c u l i a r c h a r a c t e r i s t i c i s a complete i n s e n s i t i v i t y o f t h e s w i t c h i n g components o f t h e system a g a i n s t c o n s i d e r a b l e i n p u t v o l t a g e v a r i a t i o n s .
T h i s i s s t a t e d i n o t h e r terms as s a y i n g t h a t t h e c u r r e n t l e v e l i n t h e s w i t c h i n g elements i s u n a f f e c t e d by s u b s t a n t i a l ( 2 : l ) v a r i a t i o n o f t h e i n p u t v o l t a g e , A converse s i t u a t i o n e x i s t s i f t h e system i s p r o g r e s s i v e l y overloaded, and i t s o u t p u t t e r m i n a l s a r e e v e n t u a l l y s h o r t c i r c u i t e d .
The l a t t e r case c o n s t i t u t e s o b v i o u s l y t h e extreme and should cause t h e maximum component s t r e s s e s . 
It has been demonstrated t h a t t h e system w i l l , under s t a t i c o r dynamic cond i t i o n s , n o t impose s t r e s s e s on i t s s w i t c h i n g components t h a t exceed t h e steady s t a t e s t r e s s e s by a f a c t o r o f two, even when t h e system o u t p u t t e r m i n a l s a r e s h o r t c i r c u i t e d . T h i s b e h a v i o r i s r o o t e d i n t h e f a c t t h a t t h e discussed n o n l i n e a r LC o s c i l l a t o r w i l l l i m i t t h e acceptance o f energy f r o m t h e source such t h a t i t s resonant c u r r e n t cannot r i s e beyond t h e i n d i c a t e d l e v e l .
The c o r r e s p o n d i n g c i rc u i t o p e r a t i o n m a n i f e s t s i t s e l f i n a p r o l o n g e d d i s c h a r g e c y c l e o f t h e energy s t o r e d i n i n d u c t o r L11.
The c o r r e s p o n d i n g c u r r e n t waveforms a r e i n d i c a t e d i n F i g u r e 1 1 .
The requirement f o r a s e l f -p r o t e c t i n g e l e c t r o n i c c o n v e r t e r system as p r e v i o u s l y s t a t e d under 2a i s t h u s s a t i s f i e d .
The s e r i e s resonant c i r c u i t s o f t h e discussed i n v e t -t e r -c o n v e r t e r lend thems e l v e s u n i q u e l y f o r o p e r a t i o n w i t h t h y r i s t o r s as s w i t c h i n g elements. C u r r e n t cond u c t i o n i s i n i t i a t e d by t r i g g e r i n g o f t h e d e v i c e s ; c u r r e n t f l o w t e r m i n a t i o n i s caused by t h e n a t u r a l b e h a v i o r o f t h e c i r c u i t s and does n o t r e q u i r e any mechanism f o r t h a t purpose, as o t h e r w i s e needed.
The t h y r i s t o r w i l l t o l e r a t e c u r r e n t excurs i o n s o f t e n t i m e s and beyond o f i t s r a t e d c u r r e n t c a r r y i n g c a p a c i t y f o r s h o r tt i m e i n t e r v a l s , such as a p p r o x i m a t e l y t e n m i l l i s e c o n d s w i t h o u t damage t o t h e d e v i c e ,
The d e v i c e i s , f u r t h e r m o r e , a v a i l a b l e w i t h r a t i n g s i n excess o f 1000 v o l t s and i n excess o f 1000 amperes, a l t h o u g h d e v i c e s w i t h t h e h i g h e r c u r r e n t r a t i n g s would n o t be s u i t e d f o r o p e r a t i o n i n excess o f a f e w kHz. However, dev i c e s o f t h i s t y p e w i t h r a t i n g s up t o 1000 v o l t s and c u r r e n t s i n excess o f 100 A t h a t a r e s u i t e d f o r use i n systems w i t h i n t e r n a l f r e q u e n c i e s up t o 10 kHz a r e c u r r e n t l y a v a i l a b l e and have been s u c c e s s f u l l y used i n s e r i e s c o n v e r t e r s , T h y r i s t o r s w i t h comparable r a t i n g s and w i t h recovery t i m e s o f l e s s t h a n 2 A s e c , t h a t c o u l d o p e r a t e w i t h i n c o n v e r t e r systems w i t h f r e q u e n c i e s up t o 50 kHz a r e p r e s e n t l y b e i n g developed; t e s t s o f p r o t o t There i s , however, a s i g n i f i c a n t d i f f e r e n c e between use o f t h y r i s t o r s i n s e r i e s and i n p a r a l l e l i n v e r t e r s .
F a i l u r e o f e n f o r c e d t e r m i n a t i o n o f c u r r e n t f l o w i n t h e t h y r i s t o r o f a para1 l e l i n v e r t e r r e s u l t s , unavoidably, i n a s h o r t -c i r c u i t cond i t i o n and t h e d e s t r u c t i o n o f t h e i n v e r t e r .
P r e v e n t i o n o f i n i t i a t i o n o f cond u c t i o n i n t h e companion t h y r i s t o r i s f u t i l e , s i n c e i t w i l l n o t t e r m i n a t e t h e on-going d e s t r u c t i v e process, u n l e s s o t h e r p r e c a u t i o n s have been taken.
Conversely, i t i s s u f f i c i e n t t o p r e v e n t i n i t i a t i o n o f c u r r e n t f l o w i n any o f t h e s e r i e s i n v e r t e r ' s t h y r i s t o r s as l o n g as i t s companion t h y r i s t o r c o n t i n u e s i n t h e c o n d u c t i n g s t a t e ,
The presence o f c u r r e n t f l o w t h r o u g h t h e i n d i v i d u a l t h y r i s t o r s i s sensed and t r a n s f o r m e d i n t o an i n h i b i t i n g s i g n a l t h a t p r e v e n t s any t r i g g e r p u l s e f r o m c a u s i n g c u r r e n t c o n d u c t i o n i n t h e companion t h y r i s t o r . C u r r e n t f l o w i n any o f t h e t h y r i s t o r s has t o cease e v e n t u a l l y because o f t h e s e r i e s c a p a c i t o r which cannot s u s t a i n a dc c u r r e n t , i t f o l l o w s t h a t no s h o r t c i r c u i t c o n d i t i o n w i l l occur, as l o n g as t h e e l e c t r o n i c p r o t e c t i o n mechanism f u n c t i o n s p r o p e r l y .
" A c c i d e n t a l " f i r i n g o f t h y r i s t o r can be i n v a r i a b l y t r a c e d t o i m p r o p e r l y designed o r f a u l t y c o n s t r u c t e d c i r c u i t s , T h i s can i n c l u d e i na d v e r t e n t v i o l a t i o n o f dynamic d e v i c e c h a r a c t e r i s t i c s , f a i l u r e t o a p p r e c i a t e p a r a s i t i c e f f e c t s such as leakage inductance o r d i s t r i b u t e d i n d u c t a n c e and capaci t a n c e , It i n c l u d e s , furthermore, inadequate p r o t e c t i o n a g a i n s t n o i s e generated by e l e c t r o m a g n e t i c s t r a y f i e l d s and n o i s e conveyed t h r o u g h c o n d u c t i v e channels such as ground w i r e s d u r i n g v i o l e n t t r a n s i e n t c o n d i t i o n s , Exposure o f t h e t h y r i s t o r t o r a d i a t i o n e f f e c t s has shown t h a t t h e responsiveness o f t h i s d e v i c e t o t r i g g e r s i g n a l s s u f f e r s i n t h e presence o f n e u t r o n bombardment r a t h e r t h a n t o i n c r e a s e i t s s u s c e p t i b i l i t y t o an e s t a b l i s h m e n t o f c u r r e n t conduction. The t h y r i s t o r has proven t o be an u t t e r l y r e l i a 
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Figure 13. -Series inverter-converier breadboard.
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